A method is presented for measuring gaseous diffusion coefficients usin g a gas chromatographi c technique. Diffu sion coefficients were measured for the sys tems: argon, krypton , oxy ge n , and nitroge n d iffu sing into helium at temperatures from 77 to 400 K.
Introduction
Accurate knowledge of molecular diffusion coeffi· cients and their temperature dependence is important in obtaining fundamental information on forces be· tween unlike molecules. Until recently most diffusion measurements were conducted over short temperature intervals because the conventional methods such as the Loschmidt or the Stefan, require the thermostating of large, static systems. Walker and Westenberg [lP have developed a method which involves measuring concentration profiles downstream of a point source of tracer gas in a uniform laminar jet of carrier gas. Diffusion coefficient for permanent gas pairs over a temperature interval 300 to 1100 K have been measured using this technique.
Determining diffusion coefficients using gas cro· matographic techniques is relatively new. Taylor [21 derived an expression for the radial diffusion term for a liquid dispersion flowing in a tube. The same expres· sion was derived by Giddings [3] and Golay [4] as a special case of a general theory of gas chromatography.
Giddings and Seager [5] have measured diffusion coefficients using this method. The method reported in this paper is also based on gas chromatography techniques. In brief, a trace amount of one gas was injected into a carrier gas stream of different composition flowing through a column at a constant flow rate. The concentration profile of the gas dispersion was determined at two points downstream from the point of sample injection by th ermal conductivity detectors. The binary diffu· sion coefficients were calculated from the dimensions of the recorded peaks and time required [or the peak maximum to travel the distance between the two detectors.
Diffusion coefficients were measured for the sys· tems: argon , krypton, oxygen and nitrogen diffusing into helium at temperatures from 77 to 400 K.
Theoretical

Fundamental Relations
As has been shown by theoretical studies [2, 3, 4] when a nonuniform gaseous dispersion flows through a cylindrical tube, the effect of radial diffusion acting in conjunction with the parabolic velocity profile is accounted for by an effective longitudinal diffusion coefficient 0: 2 , given by
where v is the mean flow velocity, a is the inside radius of the tube, and D is the diffusion coefficient. If c represents the mean concentration in a c ro ss section at distance x from the moving centroid of the disper· sion (x is taken positive downstream from the centroid) then c satisfies the one-dimensional diffusion equation
First let us assume an ideal system in which the experiment is initiated by instantaneous injection at time t = 0 of n moles of diffusing substance into the carner gas stream at a fixed injection point, and further assume that the extemal parameters affecting the flow (e.g., temperature, pressure, and tube radius) are all constant. Equation (2) applies after a time which is long compared with a 2 jD. Its solution appropriate to these initial conditions is given by This approximation can be derived by introducing the characteristic diffusion distance s defined by
the dimensionless variable YJ defined by
Equation (3) defines a concentration distribution which is instantaneously Gaussian and spreading with tim e. In the actual system the assumption of co nstant flow parameters applies only to the diffusion column proper. However, the experimental system was designed such that the concen tration distribution was always instantaneously Gaussian within the dif· fusion column. Equation (3) can be applied under the se condition s if the zero of time is redefined.
Instead of taking t = 0 as the instant of sample injec· tion, it must be so defined that eq (3) is consistent with an a nalysis of the peaks recorded from two or more separate detectors along the tube. Equation (3) expresses conce ntration in terms of a frame of reference that moves with the mean velocity of the carrier gas stream. In order to express concentra· tion as a function of time at a fixed detector, we must transform eq (3) by means of the relation an d the small dimensionless parameter E defined by
When eq (6) is rewritten in terms of E and YJ, the result is ?:
Since E is small (typically, E2 < 10 -:)), eq (8) can be expanded in powers of E. Neglecting powers higher than the second, This equation is quadratic in YJ. Let t:.YJ be the differ-
ence 0 Its two roots. xpan mg n h as a power senes
in E2 , the solution of eq (8), correct through terms in ~ E 2, can be written where to is that time at which the centroid of the dispersion arrives at the detector. When we make this substitution, the concentration at a fixed detector is give n by (9) Taking typical values for E and t:.YJ (typically ,t:.YJ 2 < 10), (5) it can be readily seen that all but the first term on the right side of this equation can be neglected when accuracy to a few parts per thousand is adequate.
Peak Analysis
If we let t:.t represent the width of the recorder trace at height h, we can make use of eqs (7a) and (7b) to Assuming linear detector res ponse , the height h of a write recorder trace of the signal at time t is proportional to c as expressed by eq (5). If ho is the hei ght at time to, it follows from eq (5) that
Substituting in eq (9) and retaining only the first term (6) on the right we obtain the approximation From this e quation it is seen that a straight line with the slope v 2 j4O' 2 should be obtained when
is plotted versus (to -t)2. Such a plot is useful for demonstratin g that the peak shape conforms to theory. However, for determining th e diffusion coefficient an approximation based on eq (6) is easier to apply while providing sufficient accuracy.
ho v 2 (t:.t)2
to In h = 40'2 "2 .
(10)
If to In ~o is plotted versus (~t r, it is seen that a straight line with the slope v 2 j4O' 2 should be obtained. This plot should superimpose accurately on that based on eq (6). It is obvious that e q (10) is easier to apply in determining a.
Since to, the time of arrival of the peak at a detector, appears on the left in eq (10), it is still necessary to define the zero of time. The difference of the to values at two de tec tors along t he tube can be meas ured direc tly_ Their ratio can be ob tain ed by applying eq (10) to each of th e de tectors_ Solvin g for th e two to from the ir differe nce and the ir ra ti o is eq uivale nt to de terminin g the effective zero of time.
Another me thod whi c h , although tedious, yields a ;> with goo d precision be cause random flu c tuati~ms i.n the recorder signal are smoothed by integratIOn , IS based on the ratio of peak area to peak height. The e quation e quivalent to eq (6), can be reduced to a standard int egral form (7), by the substitution T = v 2 t/4a 2 , with the re s ult (11) 
Experimental Procedure
In fi gure 1 is shown a schematic drawing of the apparatus. A 150-ft e mptyi/4-in O.D . coppe r column was divid ed into three equal segments; a the rmostati c column , CJ, the diffu sion column , C2 , and a third column, C:), whi ch allowed the carrier gas to co me to room them perature before its flow rate was meas ured by a soap-bubble flowmeter, F _ The thermostatin g and diffusion columns were immersed in liquid nitrogen for the low temperature measurements and an oil thermostat , controlled to ± 0.02 °C, for the other measurements. At the beginnin g and end of the diffusion column were thermal conductivity de tectors, DJ and D2, located in line with the incomin g gas flow .
The de tectors , shown in figure 2, were construc te d from 1f4-in T ee conn ectors for tubing in whic h one arm was cut off to allow th e se nsing element, a Cow Mac type 9225 filament support (see footnote 2) to be soldered into position so that the sensing element was on the ce ntral axis of the diffusion column. The two detectors formed adjacent arms of a Wheatstone bridge circuit. The resultant voltages were plotted as a function of time using aIm V full scale recorder. The flow of helium carri er gas from a hi gh press ure tank, H , was controlled by a Moore [6] 2 co ns ta ntdiffe re ntial type fl ow controlle r, M, a nee dle valve, NJ, upstream from the diffusion col umn and two needle valves, N2 and N3 , down strea m from the diffusion column. An 0.1 ml of sample gas from a high pressure tank , S , was inj ected into the th ermost ating column by means of a F & M [8] gas inj ection valve , 1-Co mme rcially available gases with a stated purity of be tte r than 99 mole percent were dried by passing them through a molecular sieve column (TJ and T2). The column press ure was read from a Wallace and Tiernan [9] absolute aneroid barometer, C. The effective radiu s, a, was calculated at room te mpe rature by equatin g the mass flow rate measured by the soap-bubble me ter to the mass flow rate in the diffusion column, nPca 2 L/t , where Pc is the pressure of the carrier gas in atmospheres and t is th e time required for an air peak to travel the distance, L , between the two de tectors. The valu e of a agreed within one part in two hundred for all the meas ure me nts take n.
For the hi gh a nd low te mperature me asure ments the mas s flow rate in the diffu sion column was used to determin e the te mperature of the carrier gas , the column's dime nsions bein g corrected for thermal expansion_ If the carrier gas was not at the temperature of the thermostat the flow rate was reduced until it was.
A preliminary diffusion measurement was made for each system to determine peak heights. The atte nuation was then adjusted by means of a 10-turn, 10,000 n Heli-pot so that for all the followin g meas ure me nts the peak heights would be the maximum height allowed by the recorde r chart pape r. Duplicate run s were made by injectin g s uccessive amounts of sample gas into the carrie r gas stream, th e injecti ons being at a time inte rval s uc h th at no overlapping of peaks occurred. At liquid nitroge n temperature, it was possible for as many as four peaks to be in the diffusion column simultaneously_ This enables four velocity measurements to be made during the course of a run. The time between peaks was c hecked with a stop watch. The heights and widths of the peaks were measured to a precision of one part in two hundred fifty with an engineer's scale.
The quantity 0: 2 was calculated from the expression
where 52 and 51 are the slopes of the In Ho/h-(/lt)2 plots and (t02 -tOI) is the time required for the peak maximum to travel the distance between de tectors. The quantity 0: 2 was also calculated from
where A2 and A I are the areas under the second and first peak respectively and v the velocit y of th e carrier gas in the diffusion column. Equation (14) which follows from eq (11) , gave the same values for 0: 2 as eq (13).
Results and Discussion
In fi gure 3 are shown plots of eqs (6) and ( figure  4 is shown the log diffusion coefficient-log temperature plot for argon diffusing into helium.
There are several advantages to this method.
(a) The use of two detectors instead of one eliminates J the n eed for a zero time correction , since it is not necessary to know the shape of the peak at the point of sample injection. The only requirements are that the conce ntration profile b e Gaussian when the peak reaches the first detector, that the thermal conductivity detectors do not distrub the concentration profile, and that the carrier gas be at thermostat temperature since the sample injection value is at room temperature. (b) Diffusion coefficients over a wide range of temperature may be measured since the apparatus may be used in a liquid nitrogen bath or in an oven without any c hange in design. (c) Time measurements may be made accurately. Since th e velocity of the carrier gas appears as a square term in the diffusion equation it is important to be able to measure this quantity accurately. This can be done by measuring the time required for the peak maxima to travel the measured distance between the two de tectors. By inj ectin g more than one peak into the diffusion column it is possible to determine whether the velocity of the carrier gas has changed during a measureme nt.
(d) Deviations of experiment from the assumed model may be determined. Equation (6) provides a means for analyzing the peak for any disturbance due to gas absorption on the walls of the diffusing column or for any disturbance to the concentration profile due to the gas injection and detec tion sys te ms .
It is conluded that thi s is a simple, rapid, widely applicable me thod for th e determination of gaseous diffu sion coe fficients .
